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Abstract
Extensive critical current density Jc measurements are reported as a function of magnetic field
B, temperature T, angle θ between the applied field and the surface of the tape, and strain ε, on a
REBCO coated conductor. The strain, εpeak (B,T, θ), at which Jc (εapp) is maximised, is a
function of B, T, and θ, which is consistent with weakly emergent behaviour. It is described by
the chain model that considers competition between twinned domains with different
crystallographic orientations and opposing responses under an applied uniaxial strain.
Detailed effective upper critical field B∗c2 (T, εapp,θ = 0) data are presented that show
universal temperature and strain scaling. They lead to an accurate flux pinning relation for the
volume pinning force, Fp ∝ Fp,maxbp(1− b)q, where b= B/B∗c2 (T, εapp,θ = 0) and p and q are
constants, and are used to help parameterise the scaling behaviour of the angular Jc data more
accurately in those cases where B∗c2 cannot be measured directly. We derive approximate
analytic in-field expressions that explain how the fraction, f, of a-domains amongst the a- and
b-domains affects the strain dependence of the critical parameters and conclude that in our tape,
f = 0.4, and the strain at which Jc is the same in both domains is εJcA=JcB = 0.15%. We report a
sharp peak in Jc as the applied field approaches alignment with the ab-plane and the unusual
result that with it, a suppression of the index of transition N also occurs. We find that the
effective upper critical field B*c2 increases as the field angle approaches the ab-plane
significantly faster than any available theoretical model for the upper critical field Bc2.
In addition, we conclude that a weak-emergence description is not limited to high
temperature superconductors, but also describes some low-temperature superconductors.
Keywords: Pinning, critical current density, high magnetic fields
(Some figures may appear in colour only in the online journal)
Original content from this workmay be used under the terms
of the Creative Commons Attribution 4.0 licence. Any fur-
ther distribution of this work must maintain attribution to the author(s) and the
title of the work, journal citation and DOI.
1. Introduction
High field superconducting magnets are used in a number
of state-of-the-art technologies such as magnetic resonance
imaging [1,2], fusion [3–6] and high field research magnets
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[7, 8]. In these and other applications there are large gains to
be made by being able to achieve higher fields. The present
generation of these technologies use low temperature super-
conductors (LTS), such as Nb-Ti, Nb3Sn and Nb3Al. These
materials are limited by their relatively low upper critical
fields, Bc2. In contrast, high temperature superconductors
(HTS), such as (RE)Ba2Cu3O7−δ (RE=Rare Earth), have the
potential to carry far higher currents in high fields due to signi-
ficantly higher Bc2 values. This makes them candidate mater-
ials for increasing the maximum achievable field in high field
magnet technologies. A significant drop in the critical current
through high angle grain boundaries in HTS has hindered their
development as usable conductors [9, 10]. However, signific-
ant progress has been achieved by producing highly textured
REBCO tapes where the c-axis is perpendicular to the tape
surface [11].
Extensive measurements on technological LTS conductors
have been performed over a wide range of field (B), temper-
ature (T) and applied strain (εapp) parameter space, particu-
larly for the A15 compounds [12–23]. There are fewer stud-
ies on REBCO tapes, largely due to the relative immaturity
of techniques for measuring highly anisotropic HTS samples.
There are many limited studies of the strain dependence of
REBCO tapes under tensile strain as a function of temperat-
ure and field [24–42]. However, as we show in this paper, it is
difficult to interpret the data without knowing how Jc behaves
in compression. Studies in self-field that do show results in
both tension and compression generally show inverted para-
bolic dependence of the critical current with strain [43–50].
Fewer in-field data are reported. Some reports find, as we do
here, that the inverted parabolic behaviour persists at all fields
[51, 52]. Whereas other studies report so-called ‘double peak’
behaviour in low fields, returning to inverted parabolic beha-
viour at higher fields [53, 54]. These differences in samples are
probably caused by variations in the pinning properties and are
not the focus of this paper.
In this paper we present detailed critical current dens-
ity measurements as a function of field, field-angle, tem-
perature, and applied tensile and compressive uniaxial strain
(Jc (B,θ,T,εapp)) for a 4mm wide REBCO tape (Ref:
SCS4050) manufactured by SuperPower [55]. The data com-
plement a recent report of Jc obtained with the magnetic
field applied at just one fixed angle, normal to the surface
of the tape. We report detailed effective upper critical field
data measured resistively as a function of temperature and
applied uniaxial strain (B∗ρc2 (T,εapp)). The tape does not con-
tain any artificial pinning centres (APC) [56, 57]. It is twinned
along the {110} planes. This results in two types of domains
such that a fraction, f, of the domains are aligned with the
[100] direction along the principle axis of strain (i.e. a-axis
domains) and the remaining fraction, (1− f), of domains have
the [010] direction along the principle axis of strain [25].
Data from single crystals of REBCO show the strain depend-
ence of the critical parameters (Tc and Bc2) is strongly aniso-
tropic and monotonically increasing with tensile strain along
the a-axis and monotonically decreasing with tensile strain
along the b-axis [58, 59]. Hence, in a tape, there is a bimodal
response from the domains to a uniaxial strain. Here we
describe in detail the consequences of the chain model that
provides a straightforward explanation of how the inverted
parabolic strain behaviour of the critical current in twinned
REBCO tapes arises from this bimodal behaviour and shows
that the model describes the angular Jc data presented here
[50]. This chain model provides quite a different explana-
tion to the standard description for LTS where the peak in the
strain dependence of the critical current is attributed to a peak
in the intrinsic strain dependence of the critical temperature
(Tc) and Bc2 (T,εapp) and all the grains show the same depend-
ence (i.e. homogeneous behaviour). The paper also includes a
brief analysis of published data for an internal tin Nb3Sn wire
and a Nb3Al jelly roll wire that demonstrates the chain model
description used here for HTS can also describe low temper-
ature superconductors (LTS) [18, 60]. We consider the evid-
ence for grains with different strain dependencies (i.e. mul-
timodal behaviour) [61, 62] as well as discussing the role of
grain boundaries.
Preliminary measurements of the angular dependence of
the critical current were performed on a REBCO sample taken
from the same spool as the sample used in this investigation
[51] and demonstrate that at θ = 0◦ (when the field is aligned
normal to the tape surface) the critical parameters are broadly
insensitive to the exact angle at which the field is applied. Jc
data taken at θ= 0◦ have been published previously [63]. Here
we present more results on the same piece of REBCO tape
including detailed angular Jc measurements as well as meas-
urements of B∗c2. One of the central questions addressed here is
whether the chain model can describe the angular dependence
of Jc in the REBCO tape.
In the next section, the experimental methods used to meas-
ure the REBCO tape are described. Section 3 gives details
of the measurements of the critical current and the effective
upper critical field. Section 4 provides engineering paramet-
erisations of the critical current density for all samples. Sec-
tion 5 reviews the magnetic field and temperature flux pin-
ning scaling. Section 6 provides the mathematical description
of the bimodal chain model that describe the strain depend-
ent features of REBCO tape in high fields. Section 7 uses
the results presented here to identify the characteristic free
parameters from the chain model analysis for our REBCO
tape. Sections 8 briefly considers applying the chain model
analysis to some data published on LTS superconductors in
the literature. Finally, we provide the discussion and the
conclusions.
2. Experimental equipment and procedure
Durham’s 15T, liquid helium cooled, 40mm wet bore, super-
conducting split-pair horizontal magnet was used to per-
form transport critical current density, Jc, and resistive upper
critical field measurements, B∗ρc2 , on the REBCO tape. Our
Jc (B,T,εapp,θ) probe, which has been described in detail
elsewhere [64] uses an inverted temperature cup [65, 66],
field corrected thermometry [67], and water-filled bubblers
to minimise variations in pressure during the high-current
measurements. The sample was soldered to the top of a CuBe
2
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Figure 1. The Springboard sample: The REBCO sample was
soldered to the springboard and thermometry, heaters and a strain
gauge attached as shown. Either compressive or tensile strain was
applied to the sample by pushing the legs of the Springboard
together or pulling the legs apart [64].
springboard sample holder using standard 40Sn60Pb solder
as shown in figure 1. Since, the soldering temperature for
40Sn60Pb solder is ∼ 240◦C, which is above the maximum
recommended soldering temperature for the tape of 200◦C
[55], delamination and/or degradation of the samplewas a con-
cern. Preliminary experiments at 77K on samples attached to
springboards with either SnPb solder or Bolton 136 (formerly
Cerrolow 136) solder (composition 49Bi21In18Sn12Pb, melt-
ing point 58◦C, soldering temperature∼ 150◦C) [68] showed
similar strain dependent critical current properties over small
strain ranges consistent with the variations expected along
the conductor length. This indicated that no delamination or
degradation of the tape was caused during the relatively short
period of high temperature soldering used for SnPb solder.
The SnPb solder was chosen for the main suite of measure-
ments since the Bolton 136 solder was much more susceptible
to unpredictable brittle fracture under high strains. In order to
reduce helium boil-off, the probe has HTS tapes soldered to
the current leads along their length. We have found this makes
turning the probe in-situ in the split-pair magnet very difficult
at high fields probably because of the large magnetisation cur-
rents generated by the stray field of the magnet in the HTS
current leads. In practice this meant the probe could only be
rotated after the applied field had been reduced to below 2T.
3. Transport measurements
Critical current transport measurements were performed by
ramping up the current from 0A at a constant rate with
each measurement taking ∼ 60s. The current and voltage
were measured continuously throughout the measurement.
We also monitored the strain gauge and found there was no
change in strain during the transport measurement. Resistive
measurements of the effective upper critical field were made
by applying an excitation current of 100mA to the sample
and increasing the temperature at a rate of 1Kmin−1 while
the voltage across the voltage taps and the temperature were
monitored continuously. Our intention was to maximise the
range of B−T− θ phase space measured: firstly, dense angu-
lar dependent measurements at εapp = 0% and εapp =−1%
were made and then in-depth field, temperature and strain
dependent measurements weremade at selected angles. Relax-
ation of the experimental probe after thermal cycling between
the detailed experimental measurements first made at θ = 0
and the subsequent angular data meant the zero applied strain
state for the angular measurements was 0.024% lower than
the θ = 0 measurements [63]. All strain values quoted in this
paper have been adjusted to account for this.
In these measurements: the angle between the tape and
the applied field was determined using a Hall probe moun-
ted on the tape surface; typical noise for the V− I (or equi-
valently E− J) traces measurements was ∼ 30nV; the total
current measured differs slightly from the current flowing
though the superconducting sample, because some current is
shunted through the sample holder and the normal compon-
ents of the tape. The shunt resistance was determined as a
function of field and strain from the resistive measurements of
the effective upper critical field. Typical shunt currents were
∼ 80mA at 100µVm−1. The shunt correction was applied to
all the V− I traces before the critical current was determ-
ined at both the 10µVm−1 and 100µVm−1 criteria, and the
index of transition, N, calculated by fitting the data between
10µVm−1 and 100µVm−1 using the definition of N given by
E= EC
∣∣∣(J/Jc)N∣∣∣, where EC is the electric field criterion used
to define Jc; the cross-sectional area of the superconductor was
taken to be 4 × 10–3 mm2; at the end of all the experiments,
the strain was then relaxed to zero and measurements of Jc
taken to confirm the reversibility of the sample. These results
were found to agree with the data taken at the beginning of
the experiments showing the sample remained reversible and
undamaged throughout.
Figures 2–7 provide a summary of the important variable-
angle transport data. First, dense Jc measurements were taken
as a function of θ at T= 20, 40and60K, B= 2and4T and
εapp = 0%. Then the strain was taken to εapp =−1% and a
second set of dense angular measurements were obtained at
the same temperatures and fields. Figure 2 shows these data
including, as an inset, the data normalised to the peak value
determined by fitting a double Lorentzian at each field and
temperature. The peak value of Jc was found to be at θ ≈
87.5◦. This is consistent with the ab-planes of the REBCO
being slightly offset from the plane of the tape [69]. Figure
3 shows these dense angular dependent results when normal-
ised to Jc (B,T,εapp = 0%,θ). The normalised data are inde-
pendent of θ and broadly independent of B (particularly at
low T). This figure shows that changing the strain changes
the absolute value of Jc but broadly does not affect the angu-
lar position, shape or normalised size of the angular peaks.
Using the dense angular measurements in figure 2, we selec-
ted four angles θ = 47.5◦, 77.5◦, 82.5◦ and 87.5◦ at which in-
depth field, temperature and strain dependent Jc measurements
3
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Figure 2. Critical current Jc as a function of angle at applied strains
εapp = 0% and −1% and at various magnetic fields and
temperatures. Inset: Jc values are normalised to the maximum Jc
value that is found by determined by fitting a double Lorentzian to
the angular Jc data at and around the peak.
were taken. They were chosen to encompass a large range
in Jc values. Starting at εapp =−1%, Jc measurements were
obtained, at temperatures of 20, 40and60K and fields from
2 to 14T in intervals of 2T or until Jc > 250A. The angle
was then changed to the next angle and the measurement set
repeated until measurements were obtained for all angles. The
strain was then increased in intervals of 0.25% to +0.5% and
held at each strain where another B, T and θ dependent dataset
was obtained. The data obtained are shown in figure 4 and the
data at θ = 87.5◦ replotted as a function of applied strain in fig-
ure 5. Aswas found at θ = 0◦ and is widely observed, the strain
dependence of Jc is an inverted parabolic strain behaviour in
the region about the peak in the critical current [25, 26, 33, 35,
36, 43, 44, 50, 51, 53, 54] and can be characterised by





where εapp is the applied strain, εpeak is the applied strain at
which the critical current is at its maximum value and β is a
constant. We also found εpeak is a function of field and tem-
perature dependence as shown in figure 6. The uncertainties
in εpeak are taken directly from the fitting the data to a para-
bola given by equation (1). In LTS, the index of transition, N,





where rN and SN are dimensionless constants [20–22, 70, 71].
Figure 7 shows the dense angular dependent results for the
index of transition N as a function of B and T at εapp = 0%
and εapp =−1% from which it can be seen that the N-values
decrease at angles when the applied field approaches lying
along the ab-plane. These results are different to LTS mater-
ials where increasing Jc is usually correlated with increasing
N-values.We also considered if small uncertainties∼ 1◦ in the
angle caused by not returning the probe to the exact same angle
at each applied strain could have caused significant additional
uncertainty in the Jc measurements due to the strong angular
dependence of Jc. To test this; after the main suite of meas-
urements and reversibility checks, the probe was moved to
θ = 87.5◦, the strain cycle from εapp =−1% to εapp =+0.5%
was repeated without changing the angle between measure-
ments at different strains. At each strain Jc measurements were
taken at B= 4, 10and14T, and T= 40and60K. The Jc and
N-value results were compared to equivalent results from the
main suite of measurements and were found to agree as shown
in figure 5. These data confirm that the uncertainty introduced
by returning the angle between different strains, during main
suite of measurements did not cause significant uncertainty
in Jc and did not significantly affect the values obtained for
εpeak. At the higher angles investigated, temperature and angu-
lar dependent rN and SN values (cf equation (2)) were required
to characterise the data. We attribute this complexity to more
than one pinning mechanism operating as discussed below.
In our resistive measurements of the effective upper crit-
ical field, three different criteria were considered: extrapolated
0%ρN (Bex.0%c2 ), 50%ρN (B
50%
c2 ) and extrapolated 100%ρN
(Bex.100%c2 ), where ρN is the normal state resistivity. Higher cur-
rent increases the signal to noise ratio in the resistive meas-
urements, whereas using a lower current tends to avoid arte-
facts from flux flow dissipation. We chose an excitation cur-
rent of 100mA across the whole measurement range. We dis-
cuss below to what degree the effective upper critical field
should be considered similar to the thermodynamic upper crit-
ical field and the irreversibility field. The temperature and
strain dependence of the effective upper critical field have been
parameterised using an equation for high temperature super-
conductors of the form [72]



























and the c–values, the d–values, s, and the normalisation para-
meters T∗c (0) and B
∗
c2 (0,0) are fitted constants. Parameterisa-
tions were completed using only parabolic terms up to c2 (and
d2) and listed in table 1. In figure 8, we show the strain and tem-
perature dependence of our Bex.100%c2 dataset for the REBCO
tape at θ = 0. The high temperature data are replotted in figure
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Figure 3. Jc (εapp =−1%)/Jc (εapp =−0%) as a function of angle at different temperatures and fields.
Figure 4. Field, temperature and strain dependence of the critical
current density at θ = 47.5◦, 77.5◦, 82.5◦ and87.5◦.
against the reduced temperature, t= T/Tex.100%c (εapp), demon-
strating the accuracy of the universal parameterisation.
4. Engineering parameterisation ofJc (B,T,εapp)
Flux pinning scaling [73–75] is the standard way to describe
the in-field critical current of Type II superconductors. Here
Table 1. Parameters of the B∗ρc2 parameterisation, eqns (3)—(7) for
the REBCO resistive transport data at the three criterions considered






RMS Error (mT) 59 44 60






















s 1.309 1.292 1.268
we review the literature for scaling with respect to magnetic
field and temperature and then we consider strain.
4.1. Scaling with respect to magnetic field and temperature
When the direction of current flow is perpendicular to the field,
the general relation for the flux pinning force density, Fp, is
given by
Fp = JcB= Cb
p(1− b)q (6)
where C is a temperature and strain dependent factor, b=
B/B∗c2 (T) is the reduced field, and p and q are constants. The
underlying assumption for eqn (6) is that there is one mode, or
one type, of pinning site. This leads to
5
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Figure 5. Parabolic fits to the strain dependent critical current data at an angle of θ = 87.5◦. Each of the closed symbols (and solid lines)
were generated at each strain after the angle between the magnet field and the tape had been cycled. In contrast, the open symbols (and
dashed lines) were all generated while the angle between the magnet field and the tape was held fixed.
Figure 6. The field and temperature dependence of εpeak extracted from parabolic fits to the strain dependent data for (closed symbols) the
main data set, where the angle was changed between varying the strain, and (open symbols) the fixed angle data set at θ = 87.5◦, where the
angle was not changed between varying the strain.
6
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Figure 7. Angular dependence of the N-value at εapp = 0% (upper
panel) and −1% (lower panel) at different temperatures and fields.








where κ∗1 is the Ginzburg-Landau parameter, µ0 is the vacuum
permeability, ϕ0 is the magnetic flux quantum and n, m, p, q
and A are constants and a change in n, p, or q by 1/2 indicates
a change in pinning mechanism [73–75]. It is well known
that the correlations between these parameters can be signi-
ficantly reduced if independent measurements of Jc and B∗c2
are made [18]. In early historical flux pinning work, it was
assumed that κ∗1 was independent of temperature and a value
of n was extracted from the gradient of a logFp,max versus
logB∗c2 plot [76]. However, more detailed variable temperat-
ure data followed on low temperature superconductors, and it
was found that the temperature dependence of κ∗1 needed to
be included to accurately parameterise the Jc (B,T,εapp) data
[13, 77]. The temperature dependence of κ∗1 is incorporated
by taking the Ginzburg–Landau relation for the upper critical
field Bc2 (T) =
√
2κ∗1 (T)Bc (T) [78] along with the two-fluid
model for the temperature dependence of the thermodynamic




[79] where t= T/T∗c and
the BCS equation for Bc (0,ε) = (3µ0/2)
1/2
(3.5/2π)γ1/2Tc






2 T∗c (1− t2)
(8)




versus logB∗c2 gives the value of the exponent n. Computa-
tional, experimental and analytic work lead to setting m equal
to 2 [17, 75, 77, 80] although different values of the expo-
nent m have also been found useful for more limited datasets
[13–16, 81]. We have found that for many Nb3Sn [17, 19] and
Nb3Al [18] wires, the volume pinning force density is given by
equation (7) where n= 5/2,m= 2, p= 1/2, q = 5/2 andA is
a dimensionless constant∼ 1/250 for Nb3Sn and∼ 1/100 for
Nb3Al. When kappa is a function of temperature, the value of










−2(1− t2)−2 versus log10B∗c2.
4.2. Scaling with respect to strain
Success using magnetic field and temperature scaling, fol-
lowed by reasonable experimental evidence for universal scal-
ing ofFp with strain, lead to an engineering scaling law that has
been successfully used to parameterise the field, temperature
and strain dependencies of many low temperature supercon-
ducting wires [17, 19–21, 23]









where A∗ (εapp) is a material dependent parameter which
is used to improve agreement with experimental results so
depends on εapp and may depend on θ, but is independent of
B and T. It includes the strain dependence of γ (ε). T∗c (εapp),
B∗c2 (0,εapp) and A

















where w and u are constants, and T*c (εapp)/T
*
c (0) is given by
the fourth order polynomial in eqn (4). There are in principle
13 free parameters in this parameterisation: T∗c (0), B
∗
c2 (0,0),
A(0), s, w, u, n, p, q, c1, c2, c3 and c4. Following the work
in [19, 20] w and u were fixed at w= 2.2 and u= 0. We note
that small data sets can be parameterised, with some limited
loss of accuracy, using just six free parameters [23]. For the
REBCO tape, a reasonably accurate parameterisation, without
resistively measured values of B∗c2, was found after splitting
the data into two temperature regimes: a) T⩽ 60K and b)
T⩾ 68K where eqn (3) gives the functional form of B*c2. The
free parameters obtained for the 100µVm−1 criterion are given
in table 2. We have ensured each fit to the data minimised Chi-
squared with Poisson statistics [82]. This approach ensures
our fitting parameters remain independent of whether Jc or Fp
data were fitted. In the low temperature region the engineering
7
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Figure 8. Effective upper critical field of REBCO as a function of temperature and strain for the REBCO tape using the extrapolated 100%
criterion. The magnetic field was applied normal to the surface of the tape (i.e. θ = 0◦). Closed symbols are from resistance measurements.
Open symbols are from extrapolation of the flux pinning scaling curves as detailed in section 5. Solid lines are a parameterisation of the data
from resistance measurements using eqn (3) and the dashed lines are the extrapolation of this parameterisation to T= 0K.
Figure 9. Bex.100%c2 (T,εapp)/B
ex.100%
c2 (0,εapp) against reduced temperature for the REBCO tape calculated using parameterisation results
from eqn (3). The magnetic field was applied normal to the surface of the tape (i.e. θ = 0◦). (inset) Bex.100%c2 (T,εapp)/B
ex.100%
c2 (0,εapp)
against one minus the reduced temperature.
8
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scaling law parameterisations includes unphysical constants as
has been reported previously [83]. Although such approaches
using eqn (9) can provide a useful engineering parameterisa-
tion for critical current data, our recent work shows that the
effect of magnetic field and temperature on Jc must be treated
on a fundamentally different footing to that of strain for an
accurate description of the underlying science as shown below
[63],
5. Fp (B,T)—Field and Temperature Scaling
5.1 Fixed Angle measurements (θ = 0)
First, we outline our approach to finding the temperature and
strain independent p and q values using the data at θ= 0. Eqn
(6) is fitted to the data in the region where direct measurements
of the resistive upper critical field are available (T= 60, 68
and 76K). B*ρc2 (T,εapp) is used to calculate the reduced field,
b, and Fp,max is a free parameter at each temperature and strain.
The data were fitted using all combinations of E-field and B*ρc2
criteria. Four different fitting procedures are used to invest-
igate fully the strain and temperature scaling of the paramet-
ers p and q: 1) p and q are independent free parameters at
each temperature and strain, 2) p and q are independent free
parameters at each temperature only, 3) p is a global para-
meter and q is an independent free parameter at each tem-
perature, 4) both p and q are single global parameters. Pro-
cedures 1 and 2 give similar results: p and q are temperature
dependent only and show little strain dependence. The res-
ults of fitting procedures 2–4 are summarised in table 3 for
all combinations of criteria Procedure 2 shows a relatively
strong temperature dependence and can be compared to pro-
cedure 3 which makes p a global parameter and q temperat-
ure dependent. Procedure 3 has a significant reduction in the
temperature dependence for q, which we associate with uncer-
tainties in the determination of p as a result of limited data at
low reduced field. The temperature dependence is within the
uncertainties of fitting procedure 4, where both p and q are
global parameters, for the Bex.100%c2 criterion at both E-field cri-
teria. We conclude that the Bex.100%c2 criterion and Jc values at
the 100µVm−1 criterion give the most consistent, temperat-
ure and strain independent universal scaling in the high tem-
perature region. Hereafter we only report values using these
criteria.
Even for θ = 0, direct measurements of Bex.100%c2 are not
possible at low temperatures (T= 4.2, 20, 40K) with our 15 T
magnet system. In addition, we found extrapolating the para-
meterisation (cf eqn (3)) did not provide reliable values.
Hence, at these temperatures the effective upper critical field,
B*LowTc2 and Fp,max were determined by fitting eqn (6) to the
Jc data with p and q fixed at the values obtained for T⩾ 60K
(p= 0.56 and q= 2.47). Fp,max was taken to be a free para-
meter at each temperature and strain, and B*LowTc2 was char-
acterised as a separate second order function of strain at each
temperature given by eqn (6) where the normalisation constant
Figure 10. Universal scaling of the volume pinning force, at all
temperatures and strains using the 100µVm−1 and Bex.100%c2 criteria.
The magnetic field was applied normal to the surface of the tape (i.e.
θ = 0◦). The global fit was determined by the method outlined in
Section 5.
is denoted by B*LowTc2 (εapp = 0%) and d3 = d4 = 0. The high
values of B*LowTc2 mean only the initial part of the Fp curve is
available at these temperatures, the high gradient of the curve
in this region can result in the fitting procedure suggesting a
solution with unphysical results where the location of Fp,max
is clearly incorrect. To account for this the fitting procedure
was weighted by Fp ×B so the data near Fp,max are preferen-
tially weighted resulting in physically reasonable results. The
free parameters obtained from this analysis are summarised in
table 4 and are included alongside the direct measurements of
B*c2 at high temperatures in the inset of figure 8. The B
*LowT
c2
values are considerably higher than suggested by the paramet-
erisation at high temperature and have a lower strain depend-
ence. Figure 10 shows the universal scaling of the flux pinning
curves at θ = 0 for all temperatures and strains. The values of
p and q, and the approach to the analysis of data obtained in
magnetic fields well below B*c2, are now applied to our angular
data.
5.2. Variable angle Transport Measurements
Figure 3 shows a relatively small field and angular depend-
ence in the ratio Jc (B,T,ε,θ)/Jc (B,T,0,θ). We use this res-
ult to consider how the temperature and strain dependen-
cies of the effective upper critical field B∗c2 and the effective
9
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Table 2. Parameters of the engineering parameterisation, eqn (9). The parameters in bold were taken to be fixed [19]. The REBCO data are
derived from the θ = 0◦ data. The bronze route data were taken from reference [63].
REBCO REBCO Nb3Sn Nb3Sn Nb3Al










0.0625 6.55 45.8 113 66.3
T∗c (0) (K) 185.0 90.1 16.5 16.6 15.6




















0.00103 0.00520 −0.0291 −0.126 0.00664
w 2.2 2.2 2.2 2.2 2.2
u 0 0 0 0 0
s 5.27 1.26 - - -
ν - - 1.28 1.35 1.30
n 3.33 2.66 2.44 2.40 2.65
p 0.451 0.581 0.526 0.926 0.702
q 1.44 2.86 1.74 2.82 2.78
rN 5.59 1.44 1.78 0.775
SN 0.44 0.50 0.36 0.621
Table 3. Results of fitting the Jc (B,T,εapp) data at T= 60, 68, 76K for REBCO to eqn (6) for all combinations of E-field and B
∗ρ
c2 criteria
for θ = 0◦. Data are shown for fits performed in three ways: where p and q are independent free parameters at each temperature, where p is






10 µVm−1 100µVm−1 10µVm−1 100µVm−1 10µVm−1 100µVm−1
T (K) p q p q p q p q p q p q
60 0.52 2.09 0.51 1.78 0.59 2.56 0.57 2.19 0.64 3.06 0.62 2.63
68 0.37 1.64 0.36 1.35 0.45 2.16 0.44 1.83 0.57 2.89 0.54 2.42
76 0.11 1.17 0.11 0.91 0.24 1.74 0.20 1.34 0.47 2.71 0.36 2.04
60 | 1.93 | 1.62 | 2.38 | 2.03 | 2.95 | 2.50
68 0.43 1.74 0.42 1.44 0.50 2.24 0.49 1.90 0.60 2.94 0.55 2.47
76 | 1.25 | 2.10 | 1.73 | 2.93 | 2.37
p and q Global 0.42 1.82 0.40 1.50 0.48 2.28 0.47 1.93 0.59 2.94 0.56 2.47.
critical temperature T∗c vary as a function of angle. At low
temperatures and high angles, in the low reduced field limit































We choose to separate the effective upper critical field
into a component describing the functional form f(T,ε,θ)
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Table 4. Results of determining B∗LowTc2 (T= 0, θ = 0) at
T= 4.2, 20, 40K for REBCO tape at the 100µVm−1 E-field
criterion. The flux pinning curve, eqn (6), is fitted to the Jc data with
p= 0.56 and q= 2.47 (the values obtained from the flux pinning
analysis at T= 60, 68, 76K). B∗LowTc2 is a second order function of
strain at each temperature, eqn (7) where we set d3 = d4 = 0.








4.2 131 22 −5
20 79 31 −48
40 46.5 31 −80
This equation shows there is no field dependence for the
ratio Jc (B,T,ε1,θ)/Jc (B,T,ε2,θ) but there is a temperature
dependence. These predictions are in agreement with the
experimental data shown in figures 2 and 3 and hence that the
parameters w, n, p are independent of angle. The arguments
break down at B= 4T, T= 60K and θ ̸= 90◦, which is attrib-
uted to the low reduced field limit not being applicable.
One of the most important features of a flux pinning scal-
ing curve is the location ofFp,max, which for a universal scaling
curve occurs at the same value of b independent of temperat-
ure, strain and angle. Most of the angular data are in magnetic
fields that are even below that at which Fp,max occurs. Because
the turning point in Fp at Fp,max is only captured at the lowest
angle, fitting procedures using standard weighting techniques
leads to Fp curves which gave unphysical values of Fp,max and
B∗c2. The high gradient of the Fp curve at very low reduced
field and the small reduced field region over which the data
are fitted are responsible for this, making the results of the
fitting relatively insensitive to large variations in the effect-
ive upper critical field. To lower the impact of this, again the
data were weighted by Fp ×B forcing the fitting procedure to
weight data closer to Fp,max more heavily which resulted in
more physically reasonable scaling curves. Figure 11 shows
the universal flux pinning scaling curve obtained and the inset
shows the values of B∗c2 (T, εapp,θ)/B
∗
c2 (T, εapp,θ = 0
◦). The
inset data do not show a consistent temperature dependence
and the error bars are very large. Nevertheless we have tried
to fit the B∗c2 data using the predicted forms from anisotropic
Ginzburg-Landau theory [84–87], Klemm’s theory [88, 89]
and the extreme theoretical case of the 2DTinkhammodel [90]
for thin films and found that none of them can describe the very
sharp angular dependence for B∗c2.
To find the temperature and strain scaling of B∗c2 and Fp,max,
first we consider the θ = 0 data where we have direct meas-
urements of B∗c2. B
∗
c2 is characterised using eqns (3)—(7) for
the Bex.100%c2 criterion at T= 60, 68, 76K, and eqns (7) and (6)
at T= 4.2, 20, 40K and Fp,max is an independent fitted para-
meter at each temperature and strain. If we simply produce
a historical plot of Fp,max as a function of B∗c2 on a log-log
scale. The gradient of the data (cf n in eqn (7)) is a function
of both temperature and strain and has values lower than n
expected from flux pinning considerations [73, 75]. At low
temperatures, where we expect the effects of the variation of
Tc, within the material to have little effect, the gradient of the
data is nearly a factor of two different when determined by
strain rather than temperature (i.e. 0.84 and 1.74 respectively).
Figure 12 shows the results of Fp,max[κ∗1 ]
2 vs B∗c2 on a log-log
plot for the variable angle data including the data at θ = 0◦.
The solid line is a linear fit to the data, which gives a value of
n= 2.85 for m= 2. The variable angle data follow the same
trends as those found at zero angle. This confirms that equa-
tion (11) gives a reasonably good approximation for the tem-
perature dependence of κ∗1 . However, n is still not constant
and double-valued behaviour of Fp,max as a function of B∗c2 is
still present. Other values of m were investigated and strain
dependent values of γ (or equivalently A) were considered
[13–16, 18–20, 23, 81] but none were found to be significantly
better than m= 2.
We note that because the scaling analysis has been com-
pleted at each temperature and each strain with no a priori
assumptions made about the dependence of Fp,max on B*c2, it
has enabled the identification of the double valued behaviour
of Fp,max[κ∗1 ]
2 versus B∗c2 and a temperature dependence for the
exponent n. These features cannot be identified from using the
engineering parameterisation (cf Table 2) because it assumes
Fp,max is a singled valued function B∗c2. We also note that the
engineering parameterisation assumes that εpeak is independ-
ent of B and T, which is in contradiction with the detailed
experimental data.
6. The bimodal chain model for REBCO
Historically, flux pinning scaling laws, used to describe LTS
materials, assumed the superconducting material was broadly
homogenous so all the grains respond the same manner and
the critical parameters, T∗c , B
∗
c2 and Jc have a similar response
to uniaxial strain. The community anchored Jc versus strain
data at a particular peak value, εpeak, that was the applied strain
at which all the critical parameters including Jc (εapp) was at
its optimum. More recently [63], the authors have shown that
εpeak is a function of magnetic field and temperature consistent
with twinning in the REBCO tape that results in some [91]
domains aligned with the direction of applied strain (domain
A) and other domains with [010] aligned with the direction of
applied strain (domain B). In practice when applying strain,
in some domains the critical parameters increase, whereas in
other domains they decrease (i.e. a bimodal material). In this
section we first outline the bimodal chain model, developed to
describe the strain dependence of REBCO tapes in zero field
[50]. It is a one-dimensional model in which strain is applied
along the axis of the tape. Then we outline the extension of the
model to consider the role of magnetic field and temperature
[63]. This enables us to determine whether the simple chain
model can describe the angular Jc data presented here for the
REBCO tape.
In order to avoid any confusion with the well-established
definition of intrinsic strain (i.e. εint = εapp − εpeak) two new
characteristic strains are defined: the domain strain, εJD,
where
εJD = εapp − εJcA=JcB (14)
11
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Figure 11. Normalised flux pinning scaling curve versus reduced field found by fixing the parameters p= 0.56 and q= 2.47 to their values
determined at θ = 0◦. Fp,max and B*c2 are unconstrained temperature, strain and angular dependent free parameters. Best fits are found by
weighting the data by Fp ×B. (inset) Bc2 (θ)/Bc2 (0) as a function of angle and temperature.
Figure 12. Maximum flux pinning force density multiplied by the square of the Ginzburg–Landau parameter, κ∗1 , against the effective upper
critical field on a log-log scale for the REBCO tape at the 100µVm−1 E-field criterion and extrapolated 100% B∗c2 criterion including the
data at 0◦ from the previous study. B∗c2 is determined using eqn (3) at T= 60, 68, 76K, and eqns (7) and (6) at T= 4.2, 20, 40K as detailed
in Section 5. The dashed line is a linear fit at εapp = 0% Detail of the data at 40K showing double valued behaviour of Fp,max.
12
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and εJcA=JcB is the applied strain at which the critical current
density in both domains (A and B) are equal or equivalently,
εJD is zerowhen the critical current density in both domains are
equal. The magnitude of εJcA=JcB is again broadly determined
by the differential thermal contraction produced by the sample
holder and thematrix materials and hence, to first order, is con-
stant for any particular experimental set-up because the strain
under which JcA = JcB will remain constant because the field
and temperature dependence of Jc in both domains is taken to
be the same. The second characteristic strain characterises the
difference between εJcA=JcB and the applied strain at which Jc
reaches its maximum, εpeak. By definition
εp,JD = εpeak − εJcA=JcB (15)
where we call εp,JD the peak domain strain which (along with
εpeak) is field and temperature dependent and εJcA=JcB is con-
stant. Eqn (15) does not include the applied strain because it
characterises the underlying behaviour of the superconducting
material.
6.1. Bimodal chain model for twinned domains in zero field
The bimodal chain model considers two twinned domains, A
and B, with domain fractions f and (1− f) respectively [50]. To
simplify the mathematics, they are connected in series (i.e. in
a chain) and following single crystal data, the effective critical






∣∣∣ dT∗cAdεJD ∣∣∣εJD=0%εJD, i= A,
T∗c (0)−
∣∣∣ dT∗cBdεJD ∣∣∣εJD=0%εJD, i= B, (16)
where T∗c (0) is the effective critical temperature at εJD = 0%.
The parameter gi, is introduced such that at strains close to




Jc (0)(1+ gAεJD) , i= A,
Jc (0)(1− gBεJD) , i= B,
(17)
where gi = (1/Jc (0)) |∂Jci/∂εJD |εJD=0%, Jci is the critical cur-
rent in domain i and Jc (0) is the critical current at εJD = 0%.
It is assumed gA = gB = g and each domain is assumed to fol-
low the same power law for the index of transition. The E-field












whereEc is the E-field criterion. It is also assumed NA = NB =
N hence, the critical current of the whole chain, JcT, is given
by







By taking a second order Taylor series approximation about







When f= 0.5, εp,JD = 0%, which is field and temperature
independent and replicates the result for a homogeneous
material. When f< 0.5, εp,JD < 0% and when f> 0.5, εp,JD >
0%.
6.2. Bimodal chain model for twinned domains in high
magnetic fields
Now we consider the in-field behaviour in detail [63]. The
parameter αJc is introduced which accounts for different strain










where one can also write down an equivalent definition for αTc
in terms of the derivatives of T*cA and T
*
cB. By setting the con-












The transcendental nature of JcT shown in eqn (22) rules out
simple analytic solutions. Nevertheless, to develop an insight
into the field and temperature dependence of εpeak, one can
derive approximate analytic expressions for εp,JD. Using a
second order Taylor expansion for JcT about εJD = 0% from
Eqn (22), and comparing the coefficients to eqn (1), an ana-
lytic expression is found for the peak domain strain, εp,JD, as
a function of f, αJc and gA, given by



















where the parameterF(N0) = N0/(N0 (N0 + 1)− 2SN (N0 − 1)),
N0 is the index of transition at εJD = 0%, SN is defined in eqn
(2) and gA contains the temperature and field dependencies.
We note that in the limit where α= 1 and N0 (N0 + 1)≫
2SN (N0 − 1) (cf typical values for SN and N0 are 0.4 and 10
respectively), F(N0)≈ 1/(N0 + 1) and eqn (23) reduces to
eqn (20).
Eqn (24) requires an explicit evaluation of gA which we
calculate as follows: we approximate the strain dependence of
Jci in each domain to be linear in the region of εJD = 0%, as
in eqn (17). Taking the derivative of eqn (9) gi is given by
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+ n− p− 2
)]
(24)
where t(εJD = 0%) = T/T∗c (0) and b(εJD = 0%) =
B/B∗c2 (T,0) are the reduced temperature and field at εJD =
0% respectively. If we take the HTS parameterisation of



















+ n− p− 2
)]
(25)
Eqn (25) shows that gi is proportional to |dT∗ci/dεJD|εJD=0%
which implies that the scaling law leads to αJc = αTc = α.
In general, the index of transition in each domain, Ni, is
field, temperature and strain dependent. It is parameterised as
a function of the critical current given by eqn (2). Hence, the
E− J relation of the whole chain, eqn (18), no longer strictly
obeys the simple power law. However, we can determine an
approximate expression for index of transition for the whole
chain, NT, by replacing the left-hand-side of eqn (18) with
Ec(J/JcT)













fromwhich values ofNT for the chain model can be calculated.
6.3. Numerical results for the bimodal chain model
In this section we present the in-field behaviour of the bimodal
chain model through the parameters JcT and NT. The critical
current in each domain, Jci, is defined using the generalised
flux pinning scaling relation of the form of eqn (7) where
A∗ is taken to be a constant, T*c and B
*
c2 are unique to each
domain and the strain dependence is constrained by a linear
strain dependence for Tci given by eqn (16).
Table 5 provides the free parameter values used: T*c (0),
B*c2 (0,0), s and SN are taken as approximations to the experi-
mental parameters, n, p and q are taken as the Kramer values
[75], A and rN are chosen such that N-values are in agreement
with experiment, dT∗cA/dεJD|εJD=0% is taken to be 2.5K%
−1
(cf Tables 6 and 7), and w is taken to be 3 [15]. Eqn (22) is
solved numerically for JcT. In figures 13–17, we consider the
most simple case, αJc = αTc = α= 1. Figure 13 shows how
different domain fractions (i.e. different values of f) affect the
field and temperature dependence of εp,JD for α= 1. We find
the strain at which JcT reaches its peak value (i.e. εpeak) is a
function of field and temperature. For α= 1: for the special
Table 5. Parameters ‘used in the numerical calculation of the 1D
chain model.
Parameter Value Parameter Value
A 10 n 2.5
T∗c (0) 90K m 2.0






w 3 rN 90
s 1.25 SN 0.4
Table 6. Values of the domain fraction, f, determined using various
experimental values of dT∗ci/dε from literature, along with a
speculative result for α= 1 and dT∗cA/dε = 1.6 K%
−1. The results
of Welp et. al. [59] and Fietz et. al. [58] are converted from stress to
strain using a Young’s moduli of 162.7GPa along the a-axis and










Suzuki et. al. [93] +4.09± 0.02 −2.09± 0.01 0.51 0.13
Fietz et. al. [58] +1.6± 0.1 −2.1± 0.1 1.31 0.34
Welp et. al. [59] +3.3± 0.3 −3.4± 0.4 1.03 0.21
+1.6 −1.6 1 0.32
case of f= 0.5, the bimodal model predicts behaviour similar
to homogeneous materials; when f< 0.5, εp,JD < 0%; when
f> 0.5, εp,JD > 0%. The magnitude of εp,JD increases as the
difference in the relative domain fractions increases (i.e. for
larger values of |f− 0.5|). Figure 14 shows NT − 1 vs. JcT as a
function of temperature and domain strain determined by solv-
ing eqn (26) for α= 1. NT is always lower than Ni of a single
domain for any non-zero domain strain for all f including 0.5
and for f ̸= 0.5 double valued behaviour of NT appears. When:
f= 0.5, NT is single valued; f< 0.5, NT is higher under ten-
sion than compression; f> 0.5, NT is higher under compres-






logB∗c2 as a function of temperature and domain strain with
f= 0.3 and α= 1. For f ̸= 0.5 double valued behaviour of
Fp,max appears as shown in the inset. For: f= 0.5 and α= 1,
Fp,max shows single-valued behaviour with B∗c2 comparable to
scaling models for homogeneous materials; f< 0.5, Fp,max is
higher in compression than in tension for the same value of
B∗c2; f> 0.5, Fp,max is higher in tension than in compression
for the same value of B∗c2.
Eqn (22) shows B∗c2 of the system (determined as the low-
est field at which JcT = 0) is entirely determined by B∗c2i of
the domain with the lowest Jci independent of the domain
fraction and α (assuming f ̸= 0∨ 1 and α ̸= 0∨∞). For
α= 1, B∗c2i is the same in each domain when the domain





However, this is not the case for Jc (εJD) which is asym-
metric for f ̸= 0.5 and hence, Fp,max (+ε∗JD) ̸= Fp,max (−ε∗JD),
the result of this is double valued behaviour of Fp,max with
B∗c2. The inset in figure 16 shows the relative magnitude of
the difference between the tensile and compressive data,
(Fp,max (T,−εJD)−Fp,max (T,+εJD))/Fp,max (T,+εJD ) =
14
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Table 7. Results of fitting eqn (23) to the εpeak data for REBCO tape, bronze route [63] and internal tin Nb3Sn, and jelly roll Nb3Al wires.
dTcA/dεJD|εJD=0% is coupled with the domain fraction, f, which is calculated using the stated literature values of dTcA/dεJD|εJD=0%. For the
LTS materials, it has been assumed that α = 1.
REBCO Tape Bronze Route Nb3Sn Internal Tin Nb3Sn Jelly-Roll Nb3Al









−0.19± 0.02 1.27± 0.08 −0.09± 0.08 2.0± 0.2
f See 0.71 0.48 ∼ 0.5or0.67
dTcA/dεJD|εJD=0% Table 6 0.39K%
−1 [94] 0.39K%−1 [94] 0.19K%−1
Hysteretic Fp,max [κ∗1 ]
2 Yesf< 0.5 Yesf> 0.5 No No
Figure 13. Numerical results for the peak domain strain, εp,JD, as a
function of field and temperature from the 1D chain model for
f= 0.3 (bottom half of the panel) 0.5 (horizontal line) and 0.7 (top
half of the panel) using the values given in table 5 with α= 1. Also
shown are the results of the analytically derived equation for εp,JD
given by eqn (23) using the same parameters.
∆Fp,max (T,±εJD)/Fp,max (T,+εJD), increases and then sat-
urates as the strain increases. We have chosen to charac-
terise this difference at εJD =±1% because this is large
but not unphysical. The model breaks down as εJD →
±∞% because one domain is completely suppressed while
the other has infinite critical current. Figure 16 shows
∆Fp,max (T,±εJD)/Fp,max (T,+εJD) as a function of domain
fraction at different temperatures for εJD =±1%.
Figure 17 shows how different values of f and α affect
the field dependence of εp,JD. We find when: f−α(1− f) = 0,
εp,JD = 0%; f−α(1− f)< 0, εp,JD < 0%; f−α(1− f)> 0,
εp,JD > 0%. JcT is dominated by the domain with the low-
est Jci. Conceptually the dependence of εp,JD on α can be
understood by recognising that the E-field generated by one
domain is not the same as that generated by the other at
equal and opposite strain hence, the function is not sym-
metric and εp,JD ̸= 0%. Increasing f or decreasing α for any
given strain results in an increase in the ratio of the E-field
generated by domain A to domain B. This means a greater
tensile strain is required before domain B (which has lower
Jci in tension than domain A) becomes dominant, which res-
ults in εp,JD shifting in the tensile direction. The opposite is
true when decreasing f or increasing α. The greater the rel-
ative difference between JcA and JcB the greater the degree
to which JcT is dominated by the weaker domain. The tem-
perature and field dependence of εp,JD is caused by variation
of dJci (εJD)/dεJD with temperature and field. At lower tem-
peratures and fields the magnitude of dJci (εJD)/dεJD is lower
meaning more strain is required to achieve the same relat-
ive difference between JcA and JcB. Hence, a lower mag-
nitude of dJci (εJD)/dεJD means the peak moves to higher
compressive or tensile strain (depending on whether f−
α(1− f)< 0 or f−α(1− f)> 0 respectively). The analyt-
ical expression for εpeak, eqn (23), is also compared to the
numerical results in figures 13 and 17 showing the expres-
sion is a reasonably good approximation with a typical error
of ∼ 10%.
7. Estimating the domain fraction (f) and the applied
strain at whichJcis the same in both domains
(εapp = εJcA=JcB)For REBCO,
εpeak is plotted against dTcA/dεJD|εJD=0%F(N0,SN)/gA (B,T)
in figure 18 where dTcA/dεJD|εJD=0%/gA is given by eqn
(25) and we have used all the available data. To calcu-
late F(N0,SN)/gA (B,T), strictly we require the input para-
meters, B*c2 (T, εJD = 0%), n, p, q and T
*
c (εJD = 0%) for an
applied strain when εJD = 0% (i.e.εapp = εJcA=JcB). We ini-
tially assume εapp = 0% when εJD = 0% and calculate the
input parameters taken from the detailed flux pinning scal-
ing analysis (cf. Section 5). N0 values were taken to be
their experimental values and w was taken to be the stand-
ard value of 2.2. The data at 4.2K were not included in the
analysis due to the systematic inconsistencies in the N-values.





(f(α+ 1)−α)/f(1− f)(α+ 1)2
respectively) were then extracted from a linear fit to the data.
New values of F(N0,SN)/gA (B,T) were calculated with the
new value for εJcA=JcB . After iterating this process, the data
in figure 18 were obtained and the final gradient and inter-
cept values obtained are presented in table 7. We note that the
data shown in figure 18 are broadly insensitive to the itera-
tion process because the input parameters are predominantly
determined by the magnetic field and temperature, and are
15
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Figure 14. Numerical results for NT − 1 versus JcT in the range −1%⩽ εJD ⩽+1% at B= 5T when f= 0.3 and α= 1. The dashed line
shows the relation for a single domain. Inset: Detail of data at 60K.
Figure 15. Numerical results for the 1D chain model in the range −1%⩽ εJD ⩽+1% showing Fp,max verses B∗c2 on a log-log scale for
f= 0.3 and α= 1. (inset) Detail of the data at 60K.
16
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Figure 16. Numerical results for the 1D chain model showing the normalised difference in the double valued behaviour of Fp,max as a
function of temperature and f for εJD =±1% and α= 1, and (inset) as a function of ±εJD and temperature for f= 0.3 and α= 1.
Figure 17. Numerical results for the peak domain strain, εp,JD, at T= 68K as a function of field and α for f= 0.3 and 0.5 from the 1D chain
model using the values given in table 5. Also shown are the results of an analytically derived equation for εp,JD given by eqn (23) using the
same parameters.
insensitive to small changes in εJcA=JcB . Single crystal values
of dT∗cA/dεJD|εJD=0% and α are required to calculate an estim-
ate of f from the gradient. We have used data from the liter-
ature for dT∗cA/dεJD|εJD=0% and α listed in table 7 to calcu-
late values of f. We have also measured the relative difference
in the double valued behaviour of Fp,max and compared the
results to the numerical bimodal chain model results given in
figure 16. Given that the compressive data is higher than the
tensile data, we expect f< 0.5. Qualitatively we find the same
saturation of the normalised difference in Fp,max as a func-
tion of strain predicted by the model and from the magnitude
of∆Fp,max (T,±εJD)/Fp,max (T,+εJD) an estimate of f∼ 0.42
for dT∗cA/dεJD|εJD=0% = 1.6K%
−1 and α= 1 is obtained. The
predicted double valued behaviour of NT is much smaller than
the scatter on the experimental N-values and hence was not
observed in the experimental data.
17
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Figure 18. εpeak vs. dTc/dεJD|εJD=0%F/gA,HTS) including 0 deg data. The uncertainties in εpeak are taken directly from the fitting procedure
and the uncertainties in dTc/de∗(F/g) are propagated from the uncertainty in F (the dominant source of uncertainty) [63].
8. The chain model for internal tin Nb3Sn and
Jelly-Roll Nb3Al
In Durham, we have published detailed critical current density
Jc (B,T,εapp) measurements on many LTS superconducting
wires using our 15T vertical solenoid magnet [18–20, 22, 60,
95, 96]. A variable-temperature Walters’ Spring design [97]
has been used to apply strain to the sample. Here we present
analytic results derived from the chain model, for previously
published internal tin Nb3Sn, and jelly-roll Nb3Al wire. The
original experimental details of the measurements and the
accompanying standard analysis can be found in [60] and [18]
respectively. For the LTSmaterials, the constants found for the
parameterisation were obtained without shunt corrections and
the functional form of B*c2 was taken to be





























+ n− p− 2
)]
(28)
In contrast to the REBCO tape and the bronze route Nb3Sn
wire reported previously, a single temperature and strain inde-
pendent value of the exponent n is found to describe the
data reasonably well for both the internal tin Nb3Sn, and the
jelly-roll Nb3Al wires when the [κ∗1 ]
2 factor is included in
the scaling law, and Fp,max[κ∗1 ]
2 is a weakly double-valued
or single-valued function of B*c2 (T,εapp) to within the uncer-
tainties of the experiment. The free parameters obtained are
listed in table 2. The chain model analysis was repeated for
the two wires as shown in figure 19 . The free parameters
were taken from the detailed flux pinning scaling analysis
(cf. Section 5). The parameter w was taken to be the stand-
ard value for a doped LTS material of 2.2 [19] . An estim-
ate of dT∗cA/dεJD|εJD=0% for Nb3Sn was obtained from data
available in literature. Magnetic measurements on single crys-
tals give dT∗c100/dεJD|εJD=0% values along the 100 directions
that vary by an order of magnitude depending on whether a
full screening criterion or an onset criterion was used [94].
We have chosen a value of dT∗c100/dεJD|εJD=0% of 1.63K%
−1
characteristic of about 30% screening using a Young’s mod-
ulus of 165GPa [98] to make the stress-strain conversion.
This is an upper-bound value along the 100 direction in which
the strain dependence is greatest. The random orientation of
the grains in Nb3Sn wires will result in the average value of
dT∗ci/dεJD|εJD=0% being lower. We have taken an approxim-
ate average over all solid angles to obtain dT∗cA/dεJD|εJD=0% =
0.24× dT∗c100/dεJD|εJD=0% = 0.39K%
−1 [62]. Single crystal
data for Nb3Al is not available. Since the strain dependence
of the critical parameters of Nb3Al measured in wires is
approximately half that of Nb3Sn for polycrystalline compos-
ite wires, we have assumed dT∗cA/dεJD|εJD=0% = 0.19K%
−1.
For simplicity, we have assumed a value of α= 1. The ini-
tial values of εJcA=JcB were taken be 0.14% and 0.12% for the
internal tin Nb3Sn, and jelly-roll Nb3Al and the values of f and
εJcA=JcB numbers obtained after iteration are listed in table 7.
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Figure 19. εpeakversus dTcA/dεJD|εJD=0%F/gA,LTS Top: Internal tin
Nb3Sn wire. Bottom: Jelly-roll Nb3Al wire. Dashed line is a linear
fit to the data with parameters shown in table 7. The parameters
F= N0/(N0 (N0 + 1)− 2SN (N0 − 1)) and gA,LTS are given by .eqn
(28)
In conclusion we find the field and temperature dependence
of εpeak can be described by the chain model. For the internal
tin Nb3Sn wire f= 0.5 . The jelly-roll Nb3Al wire is complex
because the peak has a much stronger temperature dependence
than field dependence. A least-squares fit to the data as shown
in figure 19 gives = 0.67 .
9. Discussion
For many decades, the magnetic field and temperature depend-
ence of Jc has been measured as part of understanding and
increasing Jc for technological applications. More recently,
measurements on the strain dependence of Jc have become
important because of the large differential strains that occur
on cool-down, and the large Lorentz forces that can occur
in large scale systems such as CERN [8] or ITER [6]. The
supply of high quality single crystals of REBCO has under-
pinned extensive data that describe the anisotropic properties
of REBCO in-field and under strain including the monotonic
and anisotropic strain dependence for Tc for the 2 domains in
a 2 G tape. This paper has outlined the chain model in-field
and shown that the angular Jc data of 2 G REBCO tapes also
shows the marked field and temperature dependence of εpeak
[35, 52, 53] and so the inverted parabolic strain dependence
of Jc (cf Figure 5) can be associated with competing bimodal
behaviour and described by the chain model.
9.1. REBCO data
In this paper, we have chosen to investigate a REBCO tape
with a simple (i.e. non-APC) microstructure and relatively
high Jc. The pinning sites are generally considered to be ran-
domly distributed point defects and the critical parameters are
associated with the underlying host matrix of REBCO [56].
We have not considered tapes with higher Jc (for example
those that include artificial pinning centres) because such
materials with multiple types of pinning site of differing geo-
metries leads to many mechanisms, each with their own field,
temperature and strain dependencies that canmake it more dif-
ficult to deconvolve the underlying science. Even in the non-
APC REBCO sample presented here, there is an asymmetry
in the angular dependence of Jc at 77K, 0.5T associated with
additional pinning centres that is not present at 4.2K, 11T
where the pinning landscape is dominated by the randomly
distributed point defects [51].
We have used a combination of phenomenological equa-
tions and microscopic equations to characterise Jc and equate
the irreversibility field, Birr, found in flux pinning equations,
and the upper critical field, Bc2, which is a thermodynamic
property, to what we have called the effective upper critical
field, B*c2. The irreversibility field is a field below the upper
critical field above which Jc = 0, despite still being in the
superconducting state [99, 100]. The upper critical field delin-
eates the superconducting and normal phases. In figure 20 we
compare our resistive transport results for the effective upper
critical field to results from literature. RF measurements [101]
on a single crystal follow the well-known WHH-like beha-
viour for Bc2 found in LTS across the entire temperature range.
Magnetic [91, 102] and resistive [103]measurements ofBc2 on
single crystals also show WHH-like behaviour, whereas Birr
follows the empirical relation Birr (T) = B(0)(1−T/Tc)s. The
resistive measurements performed on the tape sample in this
study show behaviour consistent with Birr at both the extrapol-
ated 0% criterion (associated with Birr for single crystals) and
the extrapolated 100% criterion (associated with Bc2 for single
crystals). We attribute this behaviour to the architecture of tape
samples where the silver, the copper stabilising layers and the
sample holder are electrically in parallel with the supercon-
ducting layer. When the resistance, caused by dissipation of
the superconductor (i.e. in the vortex liquid state), is greater
than this parallel resistance the current will shunt through the
stabilising metallic layers as well as flowing in the supercon-
ducting layer. The voltage is predominantly determined by the
current through the shunt.We conclude that the effective upper
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critical fields presented in this work are best associated with
Birr rather than Bc2. A comprehensive analysis would include
measurements of Bc2 and Birr on the same sample. However,
this is a formidable challenge, since ideally one would require
local probes operating on the scale of the coherence length
because these two critical fields vary spatially in high Jc mater-
ials, and also a much better understanding than is currently
available would be required to extract the characteristic fields
for the scaling laws from such measurements.
A temperature dependence for the exponent n is observed
in the pinning scaling behaviour of REBCO tape where f−
α(1− f) ̸= 0 (cf Figure 12) which suggests that the temper-
ature dependence of n may be due to bimodal strain depend-
ence, but is not accounted for by the chain model in its current
implementation. Extensions to the model which could account
for this behaviour include: distributions of T∗ci in each domain
and introducing two or three dimensional percolative current
flow. Distributions of T∗ci were implemented in the chain model
(data not shown), but this was found to make little difference
to the results and did not explain the temperature variation of
n. Extending the chain model to two or three dimensions, and
introducing percolation and current shunting, may explain the
observed behaviour but is beyond the scope of this paper.
A central result in this paper is that the value of εpeak var-
ies with field and temperature in our REBCO tape and the
chain model can self-consistently describe angular Jc data.
The broad features predicted by the chain model can be repro-
duced as long as there is competition between two compon-
ents of the material that determine Jc. The simple linear strain
dependence of T∗c in each domain is sufficient to explain both
the parabolic behaviour of Jc (ε) at low strains as well as the
non-parabolic behaviour of Jc (ε) at high strains (i.e. the ‘tails’
at high strains) that have been observed experimentally [46,
48, 51]. In contrast, in a homogeneous model higher order
strain dependent terms in T∗c are arbitrarily added to explain
this behaviour. Nevertheless, there are some limitations to the
parameterisation we have used to describe the in-field beha-
viour of Jc. Figure 13 shows that at low fields εp,JD rapidly con-
verges to εJD = 0% as B→ 0T. This is a result of the unphys-
ical way in which the flux pinning relation eqn (7) predicts
lim
B→0T
Jci =∞ when p < 1 and through eqn (2) lim
B→0T
N0 =∞.
A different low-field parameterisation of Jci will result in εpeak
tending to finite values as B→ 0T. The chain model also leads
to a non-physical discontinuity in the gradient of the strain
dependence for the critical parameters T∗c and B
*
c2 at εJcA=JcB
because they follow that of the domain with lowest values.
This discontinuity is not seen in the data and we expect this
discrepancy to diminish if we extend the chain models to 2D
or 3D and include the role of percolation and current shunting.
Experimental values of dT∗ci/dεJD|εJD=0% from the literat-
ure for REBCO single crystals [58, 59] and detwinned tapes
[93] are summarised in table 7 and used to calculate a range
of f values. We attribute the range of dT∗ci/dεJD|εJD=0% val-
ues reported in the literature to differences in the doping
and stoichiometry of the samples measured. Although there
is no agreement about the value of α or dT∗ci/dεJD|εJD=0%
in the region of εJD = 0%, there is general agreement that
dT∗ci/dεJD|εJD=0% have opposite signs in the two domains
which is the central requirement for the chain model. We have
used the high temperature parameterisation of B∗c2i (T,εJD)
for the analytic derivation of gHTS at high temperatures. At
low temperatures, as discussed in section 5, B∗c2i (T,εJD) was
determined from the flux pinning scaling which gives higher
values and a smaller strain dependence as shown in the inset
of figure 8. This leads to lower gHTS at low temperatures and
higher f. We note this higher value of f is consistent with the
magnitude of the double valued behaviour of Fp,max.
The temperature dependence of εpeak has been reported in
literature under self-field conditions [54] and also as a func-
tion of field [35, 52, 53]. These results can be described using
the bimodal chain model with a value of f−α(1− f)< 0 for
references [52–54] and f−α(1− f)> 0 for reference [35].
Osamura et al found values of f ranging from 0.36 to 0.65 for
a number of lengths of tape assuming α= 1 [50]. Analysis
of XRD measurements [93] on SuperPower samples with no
artificial pinning centres also gives an estimate of the domain
fraction to be f≈ 0.45. These data show that the values of f
in table 7 are reasonable. Inclined Substrate Deposition (ISD)
produces tapes with grains aligned 45◦ from other depos-
ition methods. With this alignment one would expect a homo-
geneous response of the domains to a uniaxial strain applied
along the tape axis. Measurements on ISD [34, 42, 44] and
‘detwinned’ [93, 104] tapes show a linear dependence of T∗c
and Jc to an applied strain indicative of the homogeneous beha-
viour that is expected in both cases from the chain model.
We note that annealing a single tape sample under different
stresses in oxygen [93, 104] would lead to a broad range of
f values which the chain model predicts would lead to large
changes in εpeak that could not be explained by the differential
thermal contraction used for LTS [105] and suggest that such
experiments could usefully enable a stringent test of the chain
model.
Stacking faults in the a-b plane are a common feature of
high Jc REBCO tapes. It has been shown that the dislocation
loops associatedwith the stacking faults produce a strong addi-
tional pinning component when the applied field is increas-
ingly close to being parallel to the a-b plane [87]. At low
angles (θ ≈ 0◦) the flux lines are orthogonal to the disloca-
tion loops and only provide weak pinning. The rigidity of the
FLL prevents the fluxons from deforming to follow the dis-
location loop, so the interaction volume of the fluxon is not
extended along its length. However, at higher angles approach-
ing θ = 90◦, where the field is aligned with the a-b planes and
the direction of the dislocations, the FLL can distort and it
becomes more energetically favourable for fluxons to follow
the dislocation loops over an extended portions of their length.
This greatly increases the interaction volume and hence, Fp
[87]. We have found that the peak in Jc when the direction of
the applied field is parallel to a-b plane is more pronounced
for higher fields and lower temperatures, consistent with the
literature [56, 84, 87]. Literature for samples containing high
densities of stacking faults suggests that weak point pinning
operates at all fields and temperatures and that the strong pin-
ning provided by stacking faults preferentially operates when
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Figure 20. Resistive upper critical field data at εapp = 0% for REBCO tape using the extrapolated 0% and 100% criteria plotted with upper
critical field and irreversibility field data from the literature obtained using a variety of techniques on both single crystal and tape samples
[91, 101, 103]. Closed symbols are for single crystal and open symbols are for tape. Red and black symbols denote measurement techniques
which, for a single crystal, will give Bc2 and Birr respectively. The solid lines are parameterisations of the extrapolated 0% and 100% data
using eqns (3)- (7). The dashed lines are guides for the eye. (inset) Extended temperature range.
B//a-b planes. Associated with the strong angular dependence
of Jc when B//a-b planes in high fields and low temperatures,
we have found a marked reduction in N (figure 7). This reduc-
tion is not consistent with the empirical relationN= rNJSNc + 1.
The results at εapp = 0.024% and εapp =−0.976% show that
strain has little effect on this reduction. We have not found
other reports of the reduction of N as a function of angle
for high Jc samples. However, a similar drop in N at high
angles, despite increases in Jc, has been observed and asso-
ciated with intrinsic pinning caused by the modulation of the
superconducting order parameter in the c-axis direction due
to the superconductivity being localised to the CuO2 planes.
Such intrinsic pinning results in a very sharp peak about the
ab-plane only a few degrees in width and is not observed in
the high Jc samples investigated here, where other sources
of pinning dominate over this weak effect and as expected
for these high Jc samples that are not perfect single crys-
tals with perfect alignment of the a-b planes between grains.
Civale et al [85] working on pulsed laser deposition films on
single-crystal SrTiO3 substrate argue that the reduction in N
at low temperatures is caused by thermally activated intrinsic
pinning associated staircase behaviour in the FLL when the
direction of field is close to the ab-plane [106]. They attrib-
ute the weaker suppression of N at higher temperature, inde-
pendent of field, to the decreasing importance from intrinsic
pinning to the overall pinning. We suggest that the arguments
Civale et al use for intrinsic pinning can be applied to stack-
ing fault pinning to explain the reduction of N observed in this
work.
The suppression ofNwhen the direction of the applied field
points nearly along the a-b plane has implications for the use of
REBCO tapes in magnet windings. Simple pancake windings
are often considered optimal for REBCO wound magnets as
the maximum deviation of the field angle away from the a-b
plane is minimised so higher operational Jc’s can be achieved
compared with other winding geometries (such as using Cable
On Round Conductor [107]). However, optimal magnet design
also requires high values of N to ensure the stability of the
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magnet.N is often overlooked in studies of REBCO tapes. This
work shows one cannot assume that a high Jc guarantees a high
N and that more attention must be paid to the N-values when
testing REBCO tapes for use in magnets.
9.2. LTS data
We have not found any substantial experimental evidence for
parabolic behaviour of T∗c under strain for unstrained Nb3Sn
from data on single crystals: In Nb3Sn, along the 100 dir-
ection the strain dependence of Tc is found to be linear
with dT∗c/dε100 ≈ 1.63K%−1. For V3Si, along 100 direction
dT*c/dε100 ≈+10.6K%−1 whereas the opposite behaviour is
found along 111 direction where dT*c/dε111 ≈−0.62K%−1
(using a Young’s modulus of 233GPa [108] to make the stress-
strain conversion). Hence, we argue that the strain dependence
of A15 materials can be considered as multimodal: the crit-
ical parameters of some grains increase but with a range of
sensitivities to strain that depends on the orientation of each
grain to the direction of the applied strain, the critical para-
meters of other grains decrease again with a different range
of strain sensitivities. Without much very detailed single crys-
tal anisotropic strain data on A15 materials, it is not possible
to characterise the multimodal behaviour in detail. Neverthe-
less, even for multimodal materials, the bimodal chain model
may still be useful as a proxy model, an approximation where
each of the twomodes in the model parameterises the averages
of those grains with increasing critical parameters and those
with decreasing critical parameters. It has long been known
that grain boundaries are the dominant pinning mechanism in
polycrystalline A15 materials [74, 109, 110]. At Jc, fluxons
flow along grain boundary channels with the fluxons in the
grains strongly pinned and stationary [80]. Given that the cur-
rent density in high fields for most polycrystalline materials
is typically less than just a few percent of the depairing cur-
rent density [110, 111], one can consider them as granular to a
good approximation. The grain boundaries are complex struc-
tures but it is reasonable to assume that they act as barriers
that include a central region of low Tc and/or higher resistivity
where the superconducting order parameter and the (transport)
current density that can cross the grain boundary are severely
depressed [112]. In polycrystalline materials, Time Depend-
ent Ginzburg–Landau theory shows that large current densit-
ies circulate within and around the edge of the grains [80] with
some (transport) current density crossing the grain boundar-
ies. In granular materials, one can expect the transport current
density to be percolative, consistent with the relatively small
ratio of 2–3 for Jc when measured in longitudinal and trans-
verse orientation of the applied field with respect to the mac-
roscopic current flow in polycrystalline materials [113, 114]
and hence, all grain boundaries, both those orthogonal and
parallel to the macroscopic current flow direction, contribute
to Jc. Given that the critical current through a grain bound-
ary is strongly affected by the thickness of the boundary, we
can expect small changes in thickness to produce significant
changes in Jc [115]. Consideration of the role of Poisson’s
ratio leads to competing behaviour from grain boundaries at
different orientations to direction of applied strain. Boundar-
ies orthogonal to an applied tensile strain get wider whereas
those parallel to a tensile strain narrow causing Jc to decrease
or increase respectively. Hence, applying either tensile or com-
pressive strain always results in Jc across some grain boundar-
ies to decrease and to increase across others. In the context of
the chain model and grain boundaries that are highly sensitive
to strain, we expect the peak in critical properties to be pre-
dominantly associated with the grain boundaries and occur at
strains close to the unstrained state in polycrystalline mater-
ial. These simple considerations also explain the commonly
observed experimental asymmetry in the strain dependence
of Jc because Poisson’s ratio is lower than unity, polycrystal-
line materials are not completely percolative and the nature
of the (non-linear) exponential tunnelling mechanism, all lead
to Jc reducing more under tensile strain than an equivalent
magnitude of compressive strain. We conclude that polycrys-
talline superconductors are not best described as homogen-
eous materials, but as multimodal percolative materials [63].
Whether tension or compression is applied to the material,
it consists of competing grains and grain boundary compon-
ents where some grain boundaries widen and others narrow
depending upon their orientation relative to the direction of
the applied strain.
To within the accuracy of our data, the εpeak data in figure
19 for the internal tin Nb3Sn conductor shows little or no field
and temperature dependence consistent with a value of f≈ 0.5
for α= 1. A single detailed enough dataset for εpeak in an A15
conductor was found in the literature for an internal tin Nb3Sn
conductor and shows similar behaviour [116] (WST sample,
data available at [117]). Although double valued behaviour of
Fp,max has been observed in literature [118] for two jelly roll
internal tin Nb3Sn wires suggesting f> 0.5 for α= 1. These
results show that as with REBCO the composition and manu-
facturing process affect the relative fractions, f, of the compet-
ing components in Nb3Sn. The Nb3Al data appears to show
some contradictory behaviour. Figure 19 shows a clear tem-
perature dependence forεpeak but only a weak field depend-
ence at each temperature. This is in contrast to the bronze route
Nb3Sn data reported previously [63] where the same value of f
is found whether we take variable temperature or variable field
data. We note the field dependent behaviour of εpeak, is only
dependent on the accuracy of the universal scaling law (sec-
tion 5), whereas the temperature dependence is also dependent
on our parameterisation of B*c2i (0,εapp)with T
*
ci (εapp) through
the exponentw. If we allow the possibility thatw is anisotropic,
it could lead to a temperature dependence of εpeak with min-
imal field dependence for f∼ 0.5 and = 1 . Were we to con-
sider the variable field data alone, we would conclude Nb3Al
is described by the chain model with f∼ 0.5 for α= 1. If we
consider all the field and temperature data we have in figure
19 f∼ 0.67 for α= 1 as shown in table 7. We note that the
changes in εpeak for A15 materials as a function of field and
temperature are much smaller than those observed in REBCO.
This is due to the higher N-values in A15 materials, which act
to decrease the magnitude of the changes in εp,JD through eqn
(23). Also, differences between εpeak and εJcA=JcB similar to
those observed in this work have been measured using XRD
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[119] and these can be better understood in the framework of
the chain model.
10. Conclusions
We have performed transport Jc (B,T,εapp) measurements on
samples of REBCO tape over an extensive range of fields (B⊥
tape surface for REBCO), temperatures and uniaxial strains.
Transport measurements of the effective upper critical field
and the critical current density were also performed and engin-
eering parameterisations obtained. Features that cannot be
described by standard flux pinning scaling with a homogen-
eous strain response were observed for REBCO: the parabolic
behaviour of Jc (εapp) ; the field, temperature and f depend-
ence of the strain at which Jc is a maximum (εpeak) and the
double valued behaviour of Fp,max as a function of B∗c2 when
the domain fraction is unequal, (i.e. when f ̸= 0.5).
.
We have outlined the bimodal chain model to account
for the parabolic behaviour of the Jc (εapp) in REBCO and
extended its use to consider the angular dependence of Jc.
We find the temperature and field dependence of εpeak and
double valued behaviour of Fp,max are a natural result of
the model. The model is based on two domains with oppos-
ing strain dependencies of the critical parameters of relative
magnitude α and relative domain fractions of f and 1− f.
We find that the position of εpeak is not determined by a
peak in the critical parameters but by the combination of
the strain responses from the two (monotonic) domains. For
f−α(1− f)< 0 we find εpeak moves further into compres-
sion as the temperature or field is lowered and that Fp,max
is higher in compression than in tension for the same value
of B∗c2. For f−α(1− f)> 0 we find εpeak moves further into
tension and that Fp,max is higher in tension than in compres-
sion for the same value of B∗c2. We find εpeak is not a func-
tion of field and temperature for f−α(1− f) = 0, whereas
Fp,max is only a single valued function of B∗c2 for f= 0.5 and
α= 1. We have also derived an analytic equation for εpeak as






εJcA=JcB , where the factor g is a function containing the tem-
perature and field dependencies. We suggest weak emergent
properties are found in both HTS and LTS high-field super-
conductors.
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